Twenty years ago, scientists began to recognize that parental effects are one of the most important influences on progeny phenotype. Consequently, it was postulated that herbivorous insects could produce progeny that are acclimatized to the host plant experienced by the parents to improve progeny fitness, because host plants vary greatly in quality and quantity, and can thus provide important cues about the resources encountered by the next generation. However, despite the possible profound implications for our understanding of host-use evolution of herbivores, host-race formation and sympatric speciation, intense research has been unable to verify transgenerational acclimatization in herbivore-host plant relationships. We reared Coenonympha pamphilus larvae in the parental generation (P) on high-and low-quality host plants, and reared the offspring (F 1 ) of both treatments again on high-and low-quality plants. We tested not only for maternal effects, as most previous studies, but also for paternal effects. Our results show that parents experiencing predictive cues on their host plant can indeed adjust progeny's phenotype to anticipated host plant quality. Maternal effects affected female and male offspring, whereas paternal effects affected only male progeny. We here verify, for the first time to our knowledge, the long postulated transgenerational acclimatization in an herbivore-host plant interaction.
Introduction
Over 20 years ago, scientists recognized parental effects as one of the most important influences on progeny phenotype with potential adaptive character [1, 2] rather than as troublesome sources of variation in quantitative genetic studies [3] . Consequently, herbivorous insects experiencing predictive cues on their host plants have been expected to produce offspring that are physiologically acclimatized to particular host plant characteristics [4 -7] . The acclimatized progeny would then benefit from parental host plant experience and improve their performance and hence increase fitness. This theoretically postulated process is termed transgenerational conditioning or acclimatization, the most obvious way that parental effects based on environmental conditions could influence progeny in an adaptive way [5, 6] . But although several studies found adaptive maternal effects in plants [8] [9] [10] , insects [2, 11] and also in other animals [12 -14] , transgenerational acclimatization of progeny to host plants have not be documented so far, in spite of many experimental attempts [4] [5] [6] [7] [15] [16] [17] [18] . This is surprising, because host plants provide a wealth of cues about the resource quality and quantity encountered by the next insect generation [6] . Because transgenerational acclimatization would also have important biological implications, Mousseau & Fox [19] stated that more work is required in this area. For instance, transgenerational acclimatization could reduce the costs of using a novel host over several generations, affecting the evolution of host range for an insect [6] . Furthermore, selection for host fidelity could be increased, possibly influencing host-use evolution of herbivores, host-race formation and sympatric speciation [5, 6, 11, 19] .
So far, there is only limited evidence from herbivorous insects that parental host plants could have substantial effects on progeny performance [7] . For example, it is known that insects can alter egg provisioning on the basis of maternal host plant experience and provide their progeny with increased & 2013 The Author(s) Published by the Royal Society. All rights reserved.
resources for early larval development [20] . Pieris rapae females alter patterns of egg size and possibly egg provisioning based on nitrogen content in artificial diet, and offspring reared on the same nitrogen concentration as their mother had a higher larval mass at day four after eclosion [21] . However, after day four, this difference was no longer evident, and no positive effects on fitness could be detected thereafter [20] . There are also several other studies documenting adaptive maternal effects based on host plant experience, but these effects did not acclimatize offspring to specific anticipated host plant conditions [5, 15, 16] . For example, larvae of the seed beetle Stator limbatus whose mothers were reared on Pseudosamanea guachapele developed faster than offspring from mothers that were raised on Acacia greggii, regardless of whether progeny was reared on P. guachapele or A. greggii [16] . Thus, maternal experience did not adjust progeny phenotype to an anticipated host plant type, but affected offspring encountering any haphazard host plant type. Maternal effects therefore generally enhanced offspring performance, but this is not acclimatization to specific host plants, as the interaction between parental and progeny host plant effects was not significant. So far, only in the special case of aphids, which are thought to be particularly prone for transgenerational effects, because several generations are 'telescoped' within a developing aphid as embryos and may therefore be affected directly by the food of their mother or grandmother [6] , was some evidence for transgenerational acclimatization found [22] . By contrast, other studies found no evidence for transgenerational acclimatization in aphids [4, 7] .
We reared Coenonympha pamphilus larvae in the parental generation (P) on nitrogen-rich (high-quality) and nitrogenpoor (low-quality) host plants, and reared the offspring (F 1 ) of both treatments again on high-and low-quality plants. In two separate experiments, we tested whether males (P) and females (P) adjusted progeny performance to anticipated larval host conditions. Coenonympha pamphilus used in this study, as well as many other phytophagous insects, have to cope with varying host plant quality (high-versus low-nitrogen levels), nitrogen being a key nutrient for development and fitness in insects [23] . The nutritional quality experienced by the parental generation (P) could therefore prepare the progeny (F 1 ) to optimally use the resources on similar nutritional plant quality and to improve performance and fitness.
Material and methods (a) Study species
Coenonympha pamphilus L. (Lepidoptera: Satyrinae), the small heath, is a common butterfly in Eurasia and is found on various meadow types [24] . The larvae feed on a variety of grass species [25] , differing in nutritional quality, but Festuca rubra is favoured [26] . Seven C. pamphilus females were collected from an unfertilized meadow in the northern Jura Mountains (Nenzlingen BL 47826 0 N, 7833 0 E, Switzerland). The eggs laid were sorted by maternal lineage and placed in separately marked Petri dishes.
(b) Host plants
Larval food plants of F. rubra were grown in 750 ml plastic pots filled with untreated calcareous soil from a nutrient-poor meadow near Liesberg BL in Switzerland. Each pot was planted with 450 seeds (UFA Samen, Basel, Switzerland). Plants were grown in a greenhouse at the University of Basel, with ambient sunlight in summer and supplement light (1000 W broad spectrum, light period from 6.00 to 20.00) during cloudy weather conditions and a day/night cycle of 258C/198C. High-quality larval food plants were fertilized once a week (N : P : K ¼ 1 : 1 : 1). The low-quality larval food plants received only water. Plant nitrogen content was analysed from eight week old grass samples using a CHN analyser.
Silica is the main anti-herbivore defence in grasses and is more important than chemical defences in deterring herbivory on grasses [27, 28] . Fertilization can slightly decrease the silica content in F. rubra, but this decrease in foliar silica content has no significant effect on larval performance in C. pamphilus [29] .
(c) Larval rearing in the parental generation (P) Larvae (P) descending from each of the seven wild-caught females were randomly divided into two groups, whereby onehalf of the larvae was assigned to the high-quality host plants and the other half to the low-quality host plants. All lineages were included in the analysis. Larvae from different wildcaught females were reared separately in linegroups of 10 and kept singly in Petri dishes after two weeks. Light period was set from 6.00 to 20.00 with a day/night cycle of 258C/198C. Larvae reared on high-quality host plants (high-P) received high-quality host plants ad libitum in Petri dishes, whereas food quantity of last instar larvae of the parental generation raised on low-quality host plants (low-P) was limited to the amount ingested by high-P larvae. This approach was chosen to ensure low-nitrogen availability in low-P larvae, as we concentrated on effects of nitrogen supply in this study. In nature, C. pamphilus occurs in various meadow types and feeds on a variety of grass species differing greatly in nutritional quality [24 -26] . Furthermore, high-silica content in low-quality host plants limits larval nitrogen acquisition [29] , and low-nitrogen concentration in host plants can also cause compensatory feeding in C. pamphilus [29] , resulting in underestimating effects of low-nitrogen supply [30] .
To generate auxiliary butterflies for mating, additional larvae from the seven wild-caught females were reared on low-quality host plants fed ad libitum.
(d) Approach to test for maternal effects
We mated 12 high-P and 12 low-P females with auxiliary males to test for maternal effects. Twenty larvae (F 1 ) from each mother were assigned randomly to the high-and low-quality plants (figure 1). All F 1 larvae were fed ad libitum, allowing them to respond unconstrained to their respective diet. Female or male offspring (F 1 ) from a single mother were pooled. We therefore obtained a sample size of n ¼ 48 female offspring (F 1 ) and n ¼ 48 male offspring (F 1 ), resulting in a total sample size of n ¼ 96 to test for maternal effects.
(e) Approach to test for paternal effects
We mated 12 high-P and 12 low-P males with auxiliary females to test for paternal effects. Twenty larvae (F 1 ) from each father were assigned randomly to the high-and low-quality plants (figure 1). All F 1 -larvae were fed ad libitum, allowing them to respond unconstrained to their respective diet. Female or male offspring (F 1 ) from a single father were pooled. We therefore obtained a sample size of n ¼ 47 female offspring (F 1 ) and n ¼ 47 male offspring (F 1 ), resulting in a total sample size of n ¼ 94 to test for paternal effects. The smaller sample size to test for paternal effects is owing to one damaged, low-quality pot from which the larvae escaped.
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(f ) Fitness parameters
We recorded larval hatching mass within 24 h (mg), and the fitness traits; larval duration (number of days from eclosion to pupation), pupal mass on the fifth day after pupation (mg) and forewing length within 24 h after emergence (mm; lateral wingspan of the left forewing). We measured larval hatching mass instead of egg mass because C. pamphilus females frequently laid their eggs on the cage netting, although larval host plants for oviposition were offered. Weighing eggs without destroying them was therefore difficult. However, previous studies with other butterfly species showed that egg mass and larval hatching mass are tightly correlated [31] . Thus, the measured larval hatching mass in this study is a good substitute for egg mass to assess parental provisioning to offspring. Larval duration was measured because prolonged larval duration may increase the exposure time to predators, parasites and other adverse factors [32, 33] . Furthermore, pupal mass is an appropriate indicator for butterfly fitness, because male [34] and female [35] pupal mass is correlated with fecundity. We also measured forewing length because thorax mass and forewing geometry affect flight performance [36] , which can be important for dispersal, foraging, reproduction and predator avoidance.
(g) Statistical analysis
Host plant nitrogen level and fitness traits in the parental generation (P) were analysed with two-sided t-tests. Fitness traits of progeny (F 1 ) were analysed with mixed-effects models [37] with the categorical variables sex, host plant quality (P, F 1 ) and the continuous variable larval hatching mass (F 1 ). To account for inherited parental characteristics, the models testing for maternal effects also included the random factor maternal lineage [37] and the continuous covariates pupal mass or forewing length of untreated fathers, depending on the analysed fitness trait (table 1) . The models testing for paternal effects additionally included the random factor paternal lineage [37] and the continuous covariates, pupal mass or forewing length of untreated mothers, depending on the analysed fitness trait (table 2) . A stepwise model reduction was used, with the least significant interactions always removed first [37] . Larval duration and forewing length (F 1 ) were analysed with generalized linear mixed-effects models owing to non-normal data structure [37, 38] . Two-sided t-tests between pooled treatment groups ( progeny reared on the same versus offspring reared on the opposite host plant quality from their parents) and Tukey multiple comparisons between unpooled treatment groups (high-P/high-F 1 , low-P/high-F 1 , high-P/low-F 1 , low-P/low-F 1 ) were performed. Correlation analyses were used to test for relationships between fitness traits. All statistical analyses were two-sided and p-values , 0.05 were considered statistically significant.
Results (a) Host plant quality
Fertilized F. rubra host plants (3.16 + 0.05 g nitrogen per gram dry weight) had significantly higher leaf nitrogen content than unfertilized host plants (1.67 + 0.09 g nitrogen per gram dry weight; t ¼ 15.2, n ¼ 16, p , 0.001).
(b) Parental generation
Females as well as males (P) reared on high-quality host plants had a significantly shorter larval duration (females: high-quality 24.67 + 0.64 days; low-quality 38.78 + 1.42 days; t ¼ 9.1, n ¼ 24, p , 0.001; males: high-quality 21.23 + 0.67 days; low-quality 30.46 + 0.92 days; t ¼ 8.2, n ¼ 24, p , 0.001), higher pupal mass (females: high-quality 67.62 + 1.44 mg; low-quality 45.79 + 1.17 mg; t ¼ 11.8, n ¼ 24, p , 0.001; males: high-quality 51.69 + 1.07 mg; lowquality 37.17 + 0.78 mg; t ¼ 10.9, n ¼ 24, p , 0.001) and longer forewings (females: high-quality 13.11 + 0.16 mm; low-quality 10.89 + 0.14 mm; t ¼ 10.6, n ¼ 24, p , 0.001; males: high-quality 12.56 + 0.14 mm; low-quality 10.36 + 0.14 mm; t ¼ 8.4, n ¼ 24, p , 0.001) than females and males raised on low-quality host plants.
(c) Effects of maternal experience on progeny performance
Larval duration (F 1 ) was significantly affected by sex and host plant quality (F 1 ), whereas host plant quality of mothers (P), maternal lineage and larval hatching mass had no significant effects ( Pupal mass (F 1 ) was significantly affected by sex, maternal lineage and pupal mass of untreated fathers (P), whereas host plant quality (maternal, F 1 ) and larval hatching mass had no significant effects (table 1). There was Figure 1 . Experimental flow chart. Larvae of the parental generation (P) and their progeny (F 1 ) were raised on high-and low-quality host plants. Adult butterflies of the parental generation were mated with auxiliary males or females (aux) reared on low-quality host plants and fed ad libitum. Progeny (F 1 ) descending either from treated males or females (P) was treated and analysed separately.
rspb.royalsocietypublishing.org Proc R Soc B 280: 20122856 Table 1 . Effects of host plant quality of females of the parental generation (P) on progeny ( is high-nitrogen versus low-nitrogen level. Females (P) were mated with unrelated auxiliary males (aux) fed ad libitum with low-quality host plants. high-P/low-F 1 females (figure 2). Pupal mass of male offspring was affected less clearly by maternal experience, but pooled male progeny reared on the same (low-P/low-F 1 plus high-P/high-F 1 ) rather than the opposite (low-P/ high-F 1 plus high-P/low-F 1 ) host plant quality as their mother had a higher pupal mass (t ¼ 3.48, n ¼ 48, p ¼ 0.001; figure 3a) . Larval duration and pupal mass did not significantly correlate (females: r 2 ¼ 0.02, n ¼ 48,
Forewing length (F 1 ) was significantly affected by sex, host plant quality (maternal, F 1 ) and forewing length of untreated fathers (P), whereas maternal lineage and larval hatching mass had no significant effects (table 1) . There was a significant maternal-host-by-progeny-host interaction (table 1) . Pooled progeny reared on the same (low-P/low-F 1 , plus high-P/ high-F 1 ) rather than the opposite (low-P/high-F 1 , plus high-P/low-F 1 ) host plant quality as their mother had significantly longer forewings (females: t ¼ 3.1, n ¼ 48, p ¼ 0.004; males: t ¼ 3.1, n ¼ 48, p ¼ 0.003; figure 3b). Pupal mass and forewing length were positively correlated (females: r 2 ¼ 0.81, n ¼ 48, p , 0.001; males: r 2 ¼ 0.86, n ¼ 48, p , 0.001).
(d) Effects of paternal experience on progeny performance
Larval duration (F 1 ) was significantly affected by sex, host plant quality (paternal, F 1 ) as well by larval hatching mass, whereas paternal lineage had no significant effect ( (table 2) . Pupal mass (F 1 ) was significantly affected by sex and pupal mass of untreated mothers (P), whereas host plant quality (paternal, F 1 ) and larval hatching mass had no significant effects (table 2) . Paternal lineage had a marginal effect (table 2) . There was a significant paternal-host-by-progenyhost interaction (table 2) . Pupal mass of pooled male progeny reared on the same (low-P/low-F 1 plus high-P/high-F 1 ) rather than the opposite (low-P/high-F 1 plus high-P/low-F 1 ) host plant quality as their fathers was significantly higher in male offspring (t ¼ 2.4, n ¼ 47, p ¼ 0.02), whereas there was no significant difference in pooled female progeny (t ¼ 0.9, n ¼ 47, p ¼ 0.36; figure 3a) . Larval duration and pupal mass did not significantly correlate (females: r 2 ¼ 0.13, n ¼ 47,
Forewing length (F 1 ) was significantly affected by sex and forewing length of untreated females (P), whereas paternal lineage, larval hatching mass and host plant quality (F 1 ) had no significant effects (table 2) . Larval host quality of fathers had a marginal effect (table 2) . There was a significant paternal -host-by-progeny-host interaction (table 2) . However, forewing length did not differ significantly between pooled progeny reared on the same (low-P/low-F 1 plus high-P/high-F 1 ) rather than the opposite (low-P/high-F 1 plus high-P/low-F 1 ) host plant quality as their father (females: t ¼ 0. 
Discussion (a) Maternal experience
Progeny reared on the same (low-P/low-F 1 , high-P/high-F 1 ) rather than the opposite (low-P/high-F 1 , high-P/low-F 1 ) host plant quality as their mother performed significantly better (figures 2 and 3; table 1 ). This clearly shows that mothers acclimatized their progeny to the anticipated host plant quality. Highly significant maternal-host-by-progeny-host interactions emphasized these findings (table 1) . Without transgenerational acclimatization, our results should have shown the negative effects of nitrogen-poor larval food on all low-F 1 larvae, because high-P parents had a higher pupal mass and forewing length than low-P parents. However, the nitrogen-poor larval food had no negative effects on low-P/low-F 1 larvae, and low-P/low-F 1 females performed also better than high-P/low-F 1 females. Our results show not only that low-P/low-F 1 larvae can compensate for low-quality larval food owing to maternal experience, but also that the high-P/high-F 1 females performed significantly better than the low-P/high-F 1 females, although both groups were raised on nitrogen-rich host plants. Furthermore, contrary to intuition, low-P/low-F 1 larvae achieved the same pupal mass as high-P/high-F 1 larvae, and low-P/low-F 1 females even had a higher pupal mass than low-P/high-F 1 females, despite the low-nitrogen content in low-quality host plants. . Progeny (high-F 1 versus low-F 1 ) was raised on high-and low-quality host plants and descended from mothers (high-P versus low-P) reared on high-(grey bars) and low-quality (white bars) host plants. The box represents the interquartile range from first to third quartile; the line across the box indicates the median, and the whiskers show maximum and minimum values. Different alphabets indicate significant differences between treatment groups (Tukey multiple comparison, p , 0.05, offspring descending from a single mother were pooled, see §2, n ¼ 12 for each treatment group).
Obviously, mothers adjusted the ability of their progeny's food intake or efficiency of larval nitrogen use according to their own experienced host plant quality, thereby adjusting their progeny also to the anticipated future host plant quality encountered by their offspring. Thus, maternal experience primarily determined larval performance in our experiment. By contrast, other studies that attempted to show transgenerational acclimatization often found strong effects of the progeny's immediate host plant instead of transgenerational acclimatization owing to parental experience [4, 6, 7, 16, 17] .
Furthermore, pupal mass of female offspring was more strongly affected by maternal transgenerational acclimatization than pupal mass of male progeny, as can be seen in the distinct difference between treatment groups (figures 2 and 3a). Pupal mass of males (F 1 ) either was less variable than female pupal mass, because C. pamphilus males are generally smaller than females and may have a smaller range to vary their pupal mass, or maternal experience was more strongly mediated within the same sex than from females (P) to males (F 1 ).
(b) Paternal experience
While maternal effects are widely recognized as important contributors to offspring phenotypes, transgenerational acclimatization to host plants based on paternal experience has been little studied [5, 15] . However, many insects have a mating system in which males transfer nutrients and other chemical compounds such as hormones and enzymes to females at mating, which may affect reproduction and accordingly offspring [39, 40] . Experiments to find transgenerational acclimatization in S. limbatus beetles showed symmetry between the magnitude of paternal and maternal host effects on survivorship of progeny [5] . In our study, similar to maternal effects, paternal host quality experience increased pupal mass of male offspring reared on the same host quality as their fathers ( figure 3a) . However, in contrast to male offspring, paternal experience had no detectable effect on female progeny (figure 3), and paternal effects were weaker than maternal effects (tables 1 and 2). This suggests that maternal effects are generally more important than paternal effects. However, paternal experience could compensate for the limited effect of maternal experience on male progeny, as the expression of genes or chromosomes can depend on the sex through which the chromosome is transmitted [41] . Correspondingly, maternal and paternal effects of Ophraella notulata beetles reared on different host plants were not independent of each other, but transgenerational acclimatization was not found in that species [15] .
(c) Biological implications
Previous studies that have attempted to show transgenerational acclimatization found only direct effects of progeny host [4, 6, 7, 16, 17] or parental effects independent from progeny's rearing host on offspring performance [5, 15, 16, 18] . Transgenerational acclimatization to host plants possibly occurs primarily within a host species rather than between different host species with differing chemical and physiological attributes. This is supported by a hint for transgenerational acclimatization found in P. rapae females, which were reared on artificial diets differing only in nitrogen concentration [21] . Females altered patterns of egg size and possibly egg provisioning based on their food quality and influenced progeny, even though only early during its development and without ultimate positive effects on fitness [21] .
Of course we cannot neglect the general role of random genetic inheritance, as lineage and maternal and paternal characteristics of the auxiliary parental mating partners also significantly affected progeny (tables 1 and 2). Adaptive maternal effects and genetic inheritance act together [5] . Genetic fixation of a trait is appropriate in stable environments with a constant quantity and quality of resources, but resourcebased transgenerational acclimatization is favourable for quick adaptation from one generation to the next. For example, host plant quality can vary over time, and when host plant Progeny was raised on high-and low-quality host plants and descended from mothers (maternal effects) or fathers ( paternal effects) reared on high-and lowquality host plants. The box represents the interquartile range from first to third quartile; the line across the box indicates the median, and the whiskers show maximum and minimum values; asterisks indicate statistical differences between larvae reared on the same (white bars) and the opposite (grey bars) host plant quality as their father or mother ( n.s. p . 0.05, ***p , 0.001, two-sided t-test, offspring descending from a single mother or father were pooled, see §2, n ¼ 24 for each treatment group, except for groups reared on the same host plants as their father n ¼ 23 for each treatment group). Data for pupal mass of females (F 1 ) descending from mothers (P) are shown in figure 2. rspb.royalsocietypublishing.org Proc R Soc B 280: 20122856 quality changes with a higher rate than genetic adaptation to altered host conditions occurs in herbivores, transgenerational acclimatization could enable temporary adaptation to the altered host plant quality. Furthermore, C. pamphilus lives on spatially patchy distributed meadow types and small fragmented habitats, all differing considerably in nutritional quality [24, 25] . In addition, C. pamphilus males often reproduce in restricted territories [42] , and mated females are relatively immobile and often walk on the ground for oviposition instead of flying long distances [43] . It is therefore likely that offspring develop within the same patch and accordingly on the same host plant quality as their parents. Thus, transgenerational acclimatization may enhance local adaptation to greatly diverse habitats of C. pamphilus. Clearly, transgenerational acclimatization is of immense ecological interest, because improved adaptation of an organism to its resources increases its fitness. This, in turn, influences population size and mortality, and finally even alters the dynamics of entire populations [44] .
Coenonympha pamphilus females as well as females of other Satyrid butterflies often do not discriminate between oviposition sites [45] , presumably because they reproduce within spatially restricted habitats with a consistent host plant quality. By contrast, oviposition choice could be an important factor for transgenerational acclimatization in other insect species, because acclimatized progeny located on a different host plant quality as their parents suffers from decreased fitness (figures 2 and 3). Contrary to intuition, low-P females should therefore oviposit on low-quality host plants rather than on high-quality plants. Several theories, such as the 'Hopkins host selection principle' [46] , the 'neo-Hopkins principle' [47] and 'chemical legacy' [48] , actually suggest that maternal host plants can influence oviposition choice, but evidence for this effect is controversial [49 -51] . If females lay their eggs indeed on the same host plant type they were acclimatized to and on which they acclimatize their progeny, host-race formation could be influenced when correlations between oviposition choices and larval performance are maintained in a randomly mating population through maternal host experience [5] . Such interactions could result in a runaway process that facilitates sympatric speciation in systems where oviposition choices determine the environment for offspring development [52, 53] . Divergent host plant use can also cause assortative mating by phenotypically altering traits involved in mate recognition. For instance, male mustard leaf beetles Phaedon cochleariae preferred to mate with females reared on the same rather than a different host plant species [54] .
Transgenerational acclimatization to host plants in herbivorous insects was postulated for a long time, but has not been shown to date, despite intense research and its profound implications for ecological and evolutionary processes [6, 7] . This process, verified, to our knowledge, for the first time in this study, requires more investigation in other insect -host plant interactions, because transgenerational acclimatization could generally affect the coexistence between plants and insects, two of the most diverse groups of living organisms united by intricate relationships.
